Cluster of differentiation 81 (CD81) is a widely expressed tetraspanin molecule that physically associates with CD4 and CD8 on the surface of human T cells. Coengagement of CD81 and CD3 results in the activation and proliferation of T cells. CD81 also costimulated mouse T cells that lack CD28, suggesting either a redundant or a different mechanism of action. Here we show that CD81 and CD28 have a preference for different subsets of T cells: Primary human naïve T cells are better costimulated by CD81, whereas the memory T-cell subsets and Tregs are better costimulated by CD28. The more efficient activation of naïve T cells by CD81 was due to prolonged signal transduction compared with that by CD28. We found that IL-6 played a role in the activation of the naïve T-cell subset by CD81. Combined costimulation through both CD28 and CD81 resulted in an additive effect on Tcell activation. Thus, these two costimulatory molecules complement each other both in the strength of signal transduction and in T-cell subset inclusions. Costimulation via CD81 might be useful for expansion of T cells for adoptive immunotherapy to allow the inclusion of naïve T cells with their broad repertoire.
Cluster of differentiation 81 (CD81) is a widely expressed tetraspanin molecule that physically associates with CD4 and CD8 on the surface of human T cells. Coengagement of CD81 and CD3 results in the activation and proliferation of T cells. CD81 also costimulated mouse T cells that lack CD28, suggesting either a redundant or a different mechanism of action. Here we show that CD81 and CD28 have a preference for different subsets of T cells: Primary human naïve T cells are better costimulated by CD81, whereas the memory T-cell subsets and Tregs are better costimulated by CD28. The more efficient activation of naïve T cells by CD81 was due to prolonged signal transduction compared with that by CD28. We found that IL-6 played a role in the activation of the naïve T-cell subset by CD81. Combined costimulation through both CD28 and CD81 resulted in an additive effect on Tcell activation. Thus, these two costimulatory molecules complement each other both in the strength of signal transduction and in T-cell subset inclusions. Costimulation via CD81 might be useful for expansion of T cells for adoptive immunotherapy to allow the inclusion of naïve T cells with their broad repertoire.
A ctivation of naïve T cells requires two independent signals.
The first is generated by interaction of the TCR with its cognate antigen presented by the major histocompatibility complex. The second, costimulatory, signal is delivered through accessory molecules on the T-cell surface and is antigen independent (1) . Once activated, naïve cells proliferate and generate effector cells that can migrate into inflamed tissues (2) (3) (4) . After the initial response the majority of effector cluster of differentiation 4 (CD4) T cells die via apoptosis, leaving a small population of memory cells that can confer protection and give, upon a secondary challenge, a more rapid and vigorous response (5, 6) . Memory cells respond optimally to lower doses of antigen, are less dependent on accessory cell costimulation, and display effector functions with faster kinetics compared with naïve T cells (7) (8) (9) (10) .
CD28 is the major and best-studied T-cell costimulatory molecule, known to provide a powerful second signal for T-cell activation (11, 12) . However, additional members of the CD28 family, such as ICOS and several members of the TNF family, such as CD27 and CD137 (4-1BB) are well known T-cell costimulatory molecules (13, 14) . Less investigated is the costimulatory effect of the tetraspanin family of molecules, including CD9, CD53, CD63, CD81 and CD82 (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Interestingly, costimulation either by CD9 or by CD81 occurs in CD28-deficient T cells, suggesting either a different or a redundant activation pathway (18, 19) .
Tetraspanins function as lateral organizers of their associated membrane proteins. Members of this family tend to associate both with each other, and with cell-type-specific partner proteins. For example, CD81 associates in B cells with CD19 (25) whereas in T cells it associates with CD4 and CD8 (26) (27) (28) . Tetraspanins and their partners assemble in the membrane in tetraspaninenriched microdomains (TEMs), which facilitate key cellular functions. Tetraspanins play a role in membrane fusion, cell migration, and in signal transduction (29) (30) (31) (32) . The role of CD81 as a costimulatory molecule is of special interest because it has been shown to localize at the site of interaction between B cells and T cells in a central supermolecular cluster (33) .
Here, we compared the costimulatory potential of CD81 to that of CD28. In doing so, we examined both the earliest steps of signal transduction, as well as the later events of T-cell activation. Also, we measured events both at the level of single cells and at the level of cell subpopulations. We found that the earliest steps of CD81-mediated signal transduction differ from those induced by CD28. Specifically, the costimulatory signal mediated through CD81 is more prolonged than that through CD28. In addition, we found that CD81 better costimulates the naïve Tcell subset than does CD28. Combined costimulation through both CD81 and CD28 results in a T-cell response that better includes the naïve T-cell subset.
Adoptive T-cell transfer, the isolation and expansion of antigen-specific cells by costimulation with CD28, followed by reinfusion is a promising approach in the induction of anti-tumor immune response (34, 35) . Interestingly, the adoptive transfer of naïve T cells was shown to mediate a superior antitumor immunity (36) . Our study provides insight regarding the preferential activation of naive T cells and may be useful in manipulating diseases of the immune system, such as autoimmunity and cancer.
Results

Kinetics of Early Signaling Events in T-Cell Activation Depend on the
Costimulatory Molecule. To screen for early signaling events induced by costimulation of human T cells by CD81 or by CD28 we used both a lysate array assay and Western blot analysis (Fig. S1 ). Costimulation by either CD28 or CD81 resulted in the expected increase in phosphorylation of signaling molecules, compared with stimulation by CD3 alone. Both activated the transcription factor NFAT as evident by its dephosphorylation and deactivated its kinase, GSKβ (Fig. S1 ) Interestingly, additional signaling molecules differed: Costimulation by CD81 better activated PLCγ, LAT, MEK, and ERK, whereas costimulation by CD28 better activated NFκB, IκB, and S6, a ribosomal protein phosphorylated downstream of the AKT/mTOR pathway, integrating multiple signals including the MAPK pathway (37) . Phosphorylation of S6 increases translation of mRNA transcripts encoding proteins involved in cell cycle progression (38) . Next, we used phosphoflow cytometry to follow the activation of signaling molecules in single cells while simultaneously determining their lineage (39) . We focused on molecules with available good phosphoflow reagents. Once again, costimulation of CD4 T cells by either CD81 or by CD28 showed the expected increase in signal transduction, compared with stimulation via CD3 alone (Fig. 1) . The upstream molecules CD3ζ, PLCγ, and SLP76 were better activated by CD81, as visualized by their extended phosphorylation, whereas S6 was more strongly activated upon costimulation by CD28, suggesting that the signaling pathways induced by these two costimulatory molecules indeed differ ( Fig. 1 and Fig. S2 ). These differences in proximal signal transduction pathways might influence the outcome of later activation events and thereby affect T-cell fates.
Costimulation by both CD28 and CD81 (Dual Costimulation) Increases the Number of Activated T Cells. We isolated human T cells and costimulated them through CD81 and/or CD28. As measures of activation we examined CD69 expression ( Fig. 2A) , IFNγ production ( Fig. 2B ) and Ki67 expression (Fig. 2C) . Individually, an anti-CD81 mAb (5A6 or 1D6) increased the number of activated cells with a magnitude similar to costimulation by the anti-CD28 mAb, as has been reported (16) (17) (18) 24) . However, IFNγ was better produced following CD28 costimulation possibly due to stronger activation of NFκB (Fig. S1) . Interestingly, ligation of both costimulatory molecules resulted in increased percentage of both CD4 and CD8 responding cells, compared with costimulation by either CD81 or by CD28 alone ( Fig. 2A Lower Right) . Similarly, analysis of IFNγ production by the dually costimulated CD4 and CD8 cells after 48 h demonstrated an increased production of IFNγ, compared with costimulation by the individual molecules (Fig. 2B) . Subsequently, the number of proliferating T cells increased in response to the dual costimulation as measured by Ki67 expression after 4 d (Fig. 2C) . In each case, the combined costimulation resulted in an approximately additive number of cells responding, suggesting strongly that the two forms of costimulation were addressing different cells.
CD28 and CD81 Costimulate Different T-Cell Subsets. To assess whether these costimulatory molecules could affect different Tcell subsets, we used the surface markers CD45RO and CD62L to distinguish between naïve, effector memory, and central memory T-cell subsets (8) (Fig. 3A) . Indeed, analysis of naïve and memory CD4 T cells revealed preferential activation by each of the costimulatory molecules. A greater percentage of naïve cells responded to CD81 costimulation, compared with the memory subsets ( Fig. 3B Center) ; whereas both memory subsets responded more to costimulation by CD28, compared with the naïve subset ( Fig. 3B Lower Left) . Importantly, dual costimulation strongly activated both the naïve and memory subsets ( Fig. 3B Lower Right). Analysis of up-regulation of CD25 expression on the same cells showed a similar subset preference by the individually and dually costimulated cells (Fig. 3C) .
These findings prompted us to determine whether costimulation through CD28 and CD81 differentially affected the CD4+Foxp3+ T-cell population. We found that costimulation by CD28 increased both the number of CD4+Foxp3+ cells and their activation level. By contrast, the number of CD4+Foxp3+ cells responding to costimulation by CD81 was not increased (Fig. S3 ). Therefore, CD81 was less efficient in activating CD4+Foxp3+ cells compared with CD28.
The increase in expression were analyzed after 24 h, the time required to induce these activation markers (40) , before shifts occurred from the original naïve phenotype and within the memory subsets. Interestingly, the preferential costimulatory effect could be observed even at longer times after initiation of the signals. CFSE-labeled T cells were costimulated and then analyzed after 5 d. Following costimulation with CD28 cells had undergone at least 7 divisions and most expressed a high level of the memory subset marker, CD45RO. After costimulation with CD81, the cells had undergone fewer divisions, but the dividing cells included those expressing low levels of CD45RO (Fig. 3D ). Taken together, these studies suggest that CD81 preferentially activates naïve T cells, whereas CD28 preferentially activates the memory subsets. Dual costimulation by CD81 and CD28 resulted in activation of most naïve and memory subsets (Fig. 3D ) thereby partially explaining the additive effect seen when the whole population was analyzed. The same subset preference was also seen upon analysis of CD8 cells, which tended to be generally less activated.
CD81 Is Expressed Similarly on Naïve and Memory T-Cell Subsets. A possible explanation for a preferential activation of the naïve subset by CD81 could be a higher CD81 expression level compared with the memory subsets, as has been reported for the tetraspanin molecule CD9 (20) . However, CD81 was equally expressed on both subsets, whereas CD28 expression was higher on the memory subsets (41), CD45RO expression on the isolated naïve and memory subsets confirmed their purity (Fig. S4) . Thus, CD81 expression does not explain the preferential activation of the naïve subset.
Signal Transduction in Individual Naïve and Memory Cells Responding to Costimulation. Having shown differential activation of naïve and memory cells in response to costimulation by CD81 and by CD28 (Fig. 3) , we used phosphoflow cytometry to interrogate the early response of naive (CD45RO low) and memory (CD45RO high) CD4 T cells to costimulation. Naïve cells had previously been shown to require stringent activation conditions (8) . Indeed, baseline phosphorylation of all four tested signaling molecules was lower in naïve (CD45RO low) cells in comparison with memory (CD45RO high) cells (Fig. 4 Left). Costimulation by either CD28 or by CD81 led to increased phosphorylation of PLCγ, CD3ζ, and SLP76 in both the naïve and memory subsets, as expected. However, the effect of CD81 on the naïve subset was relatively greater than that of CD28, as can been seen by the increase in the percentage of activated CD45RO low (naïve) compared with CD45RO high (memory) cells (Fig. 4 Upper quadrants). This might explain why costimulation by CD28 was less efficient in activating naïve cells compared with costimulation by CD81. By contrast, when phosphorylation of S6 was measured, costimulation through CD81 had less effect altogether and costimulation through CD28 had a greater effect on the memory subpopulations (Fig. 4) . S6 can integrate signaling inputs from numerous upstream pathways and therefore it reflects potential alternative mechanisms of activation.
Isolated CD4 T Subsets Are Preferentially Costimulated: Naïve Cells by CD81 and Memory Cells by CD28. To eliminate possible effects of one subset on the other, we analyzed activation of isolated highly purified naïve and memory CD4 subsets (shown in Fig. 5 A Left and B Left). A higher percentage of isolated naïve cells responded to costimulation by CD81, compared with those induced by CD28 (Fig. 5A ). During this time there was no detectable conversion of naïve to memory cells (Fig. S5) . Conversely, CD28 costimulation was more effective in activating the memory subsets (Fig. 5B) . Thus, naïve T cells are intrinsically more susceptible to activation through CD81, whereas memory T cells are more sensitive to CD28 costimulation.
Optimal Costimulation of Naïve Cells by CD81 Requires IL-6. Isolated naïve CD4 T cells responded less vigorously to costimulation by CD81 (Fig. 5A ), compared with naïve cells cultured in the presence of memory T cells (Fig. 3B) . To determine the role of secreted factors we used the multiplex Luminex assay and identified IL-6 as a major cytokine secreted upon CD81 costimulation (Fig. S6) . In addition, a previous study showed that the IL-6 receptor (IL-6r) is expressed at high levels on naïve and central memory T cells, but not on effector T cells (42) . We then tested whether exogenous IL-6 can augment CD81-mediated costimulation of naïve CD4 T cells. Isolated naïve CD4 T cells were incubated with increasing concentrations of IL-6 along with the costimulatory antibodies. In the absence of IL-6, the isolated naïve CD4 T cells were less activated in response to costimulation by CD81 (Fig. 6 Left, isolated naïve T cells) compared with naïve T cells that were in contact with the memory subset during the costimulation period (Fig. 6 Right, gated naïve T cells). Importantly, addition of IL-6 to the isolated naïve CD4 T cells had a significant effect on activation in response to costimulation by CD81. The percentage of activated cells, which was 22.7% in the absence of IL-6, increased in response to increasing concentrations of the cytokine, reaching 35.8%, a level that partially restored that seen in the presence of memory T cells (49.5%) (Fig. 6 Right). By contrast, the addition of IL-6 to isolated naïve T cells that were costimulated by CD28 had a much smaller effect on their activation. Similarly, addition of IL-6 to the culture that was incubated only with anti-CD3 had no effect on activation, suggesting that IL-6 by itself was not sufficient and that its presence with the costimulatory molecules, especially CD81, augmented activation. Finally, when mixed populations of T cells were costimulated with CD81 in the presence of a neutralizing antibody to IL-6, the activation of naïve T cells was reduced (Fig. S7) . Therefore, in nonseparated T cells cross talk between the subpopulations, possibly through IL-6, results in an augmented costimulatory response by the naïve T cells to CD81.
Discussion CD81 and several members of the tetraspanin family were shown to costimulate T cells (16-18, 22, 24, 43) , Interestingly, costimulation delivered through CD81 differs from that delivered through CD28. Unlike CD28, triggered by interaction with CD80 and CD86 on antigen-presenting cells (APC), CD81 has no known ligand and therefore its ability to costimulate T cells differs fundamentally from CD28. In fact, the only known natural ligand for CD81 is the hepatitis C virus (HCV) envelope protein E2 (44) . However, it is unknown whether the virus subverts the immune systems by nonspecifically activating naïve CD4 T cells through engagement of CD81.
There is no structural similarity between CD81 and CD28. CD28 has a single cytoplasmic domain containing the YMMM and PYAP specific motifs, which upon phosphorylation by Src family kinases bind SH2 and SH3 containing proteins thereby initiating several signal transduction cascades (reviewed in ref. 45 ). CD81, a four transmembrane protein with short cytoplasmic N-and C-terminal domains lacks tyrosine activation motifs (46) . Nevertheless, the C-terminal domain of CD81 was shown to associate directly with ezrin-radixin-moesin (ERM) proteins (47) and to modulate their activity (48) . ERM proteins enable bridging between membrane proteins and the actin cytoskeleton and in doing so facilitate membrane reorganization (reviewed in ref. 49 ). Indeed, ERM proteins were shown to play a role in T-cell-APC interactions (50) . An additional study showed that ezrin recruited ZAP70 to the immune synapse, whereas moesin removed CD43 away from the cell-cell contact site (51) . Most recently, ezrin silencing was shown to reduce cytoskeletal clustering and to modulate TCR signaling (51) (52) (53) . The linkage of tetraspanins to the cytoskeleton is not limited to CD81; for example, CD82 was shown to act as a cytoskeletal-dependent costimulatory molecule, which was localized at the TCR engagement site (21) .
In addition to providing a bridge to the cytoskeleton, CD81 forms lateral association with membrane proteins (reviewed in refs. 54 and 55). Tetraspanin-associated proteins have been referred to as partners and such partnerships are cell type specific (reviewed in ref. 55 ). The assembly of tetraspanins and their partners in TEMs has been suggested to facilitate signal transduction (reviewed in ref. 56) .
The current study confirms previous findings (16, 17, 24) of the T-cell costimulatory effect mediated by CD81. We found that dual costimulation through CD81 and CD28 induced a greater number of activated cells than that induced through each of these costimulatory molecules alone. Analysis of the number of cells responding to dual costimulation revealed a marked increase in IFNγ producing cells and a substantial increase in proliferating cells, confirming an additive effect (Fig. 2) . The increased number of cells responding to dual costimulation is likely due to nonoverlapping cell populations responding to CD28 or to CD81. Indeed, we showed that costimulation through CD81 better activated naïve CD4 T cells and was less efficient in activating the CD4 memory subsets, whereas CD28 activated better the memory subsets (Fig. 3) . It is of note that the levels of CD81 expression do not differ between naïve and memory T cells (Fig.  S4) . Therefore, other mechanisms are responsible for the preferential activation of naïve cells via CD81. Interestingly, in mice, CD81 is expressed on T cells only upon activation (57) , thus, naïve mouse T cells do not express CD81. This fundamental difference between human and mouse T cells suggests that CD81 plays a different role in these species, and illustrates the limitation of the Cd81 −/− mouse model for understanding the role of CD81 in human T cells.
The increased number of cells responding to dual costimulation could also be due to activation of different signal transduction pathways. Indeed, analysis of the first steps of signal transductions by phosphoflow demonstrated differences in the activation pathways of costimulation between CD81 and CD28 ( Fig. 1 and supplementary Fig.1, 2) , suggesting that these molecules differ in signal transduction. The prevailing notion is that prolonged costimulation is required for naïve T-cell activation (58, 59) . The first step in T-cell activation is a spatial reorganization of the TCR with its immediate downstream signaling components (for a review, see ref. 60) . Therefore, it is likely that CD81 activates naïve T cells more efficiently by prolonging signal transduction. Using phosphoflow cytometry to analyze signal transduction in individual naïve and memory cells we show that the phosphorylation level of resting naïve cells is lower than that of the resting memory cells (Fig. 4) . This lower phosphorylation level of naïve cells may explain their stringent activation requirements. Following costimulation, the most proximal TCR signal-transducing molecules TCRζ, SLP76, as well as PLCγ, were better induced by CD81 (Fig. 4) . This activation was most apparent in individual naïve T cells (Fig. 4) . CD81 costimulation of naïve cells resulted in an increased and prolonged costimulation compared with that reached upon CD28 costimulation (Fig. 4) . We propose that this is a possible mechanism by which CD81 more efficiently activates naïve T cells than CD28. S6 activity was induced by both CD81 and CD28 costimulation, but CD28 was more efficient (Fig. 4) . Importantly, the phosphorylation of S6 by CD28 was better enhanced in the memory subsets and at later time points (Fig. 4) correlating with a more efficient activation of the memory subset by CD28. The lower activation efficiency of memory T cells by CD81 is yet to be explained. A previous study suggested that the organization of signaling molecules is different in naïve and in memory T cells (61) . It is therefore possible that the distribution of TEMs in the memory subsets is less conducive to CD81 engagement. Nevertheless, colligation of both costimulatory molecules results in an enhanced activation of both naïve and the memory subsets, suggesting that CD81 ligation on memory subsets is definitely effective (Fig. 2) .
Costimulation by CD81 has a differential effect on naïve vs. memory CD4 T cells. This differential effect may be explained in part by a differential sensitivity to IL-6. First, isolated naïve T cells were less activated upon CD81 costimulation (Fig. 5A ) than naïve cells that were not separated from the memory subsets (Fig. 2) , suggesting a cooperative effect between the cell populations. Second, IL-6 was the major cytokine secreted in response to costimulation of whole CD4 T cells by CD81 (Fig. S6) possibly due to the activation of the transcription factor NFAT (Fig. S1) . Third, addition of IL-6 to isolated naïve T cells costimulated by CD81 increased significantly their activation level (Fig. 6) . Fourth, a neutralizing anti-IL-6 antibody decreased the activation of naïve CD4 T cells costimulated by CD81 (Fig. S7) . A previous study has shown that the IL-6 receptor (IL-6r) is expressed at high levels on naïve and central memory T cells, but not on effector T cells (42) , in agreement with an effect of IL-6 on naïve T-cell activation. Nevertheless, isolated naïve T cells were also activated in the absence of memory cells and IL-6 (Fig.  6 ) and the anti-IL-6 antibody did not completely abolish activation by CD81 (Fig. S7) . This suggests that naïve T-cell activation is affected both directly by the engagement of CD81 on the naïve cells and indirectly through IL-6 secretion by the memory cells. The addition or neutralization of IL-6 on CD28 costimulated cells was less effective compared with CD81 costimulated cells (Fig. 6 and Fig. S7) , suggesting that the effect of the IL-6 cytokine plays a more important role in CD81 costimulation.
Our findings have potential application for human immunotherapy. Adoptive T-cell transfer using in vitro differentiated T cells is a powerful treatment against established cancers in humans (34, 35) . It has been suggested that human effector cells derived from naïve rather than memory subsets possess superior traits for adoptive immunotherapy (36) . First, naïve T cells are more efficiently transduced with genetically engineered T-cell receptors and chimeric antigen receptors (CAR) (36) . Second, during persistent antigen stimulation, memory T cells undergo exhaustion, characterized by decreased proliferative ability and reduced cytotoxicity, whereas naïve derived effector cells resist terminal differentiation and posses a more robust proliferative ability and thereby retain the characteristic of effective cells for longer (25, 36) . Additional studies have shown that adoptively transferred naïve CD4+ T cells differentiate into effector T cells in vivo and eradicate cancer (62) and that targeting of naïve T cells to tumor location increased the efficiency of tumor eradication (63) . Thus, the therapeutic potential of naïve cell is increasingly recognized. In this sense, the preferential activation of the naïve subset by CD81, while minimizing the activation of the undesired subsets such as Tregs, may provide a way to activate and expand naïve T cells in vitro both for the transduction of the desired TCR specificity and following the transduction as a source of cells for adoptive T-cell transfer.
Materials and Methods
Detailed are provided in SI Materials and Methods.
T-Cell Purification. T cells were purified by negative selection using isolation kits for human T cells, CD4+ T cells, and naïve and memory CD4+ T cells, according to the manufacturers' instructions.
Phospho-Flow Analysis. Purified T cells were rested for 1 h at 37°C, incubated on ice for 10 min with antibodies, as indicated, followed by stimulation in a 37°C water bath for 4-20 min. Cells were fixed, permeabilized, and stained with phospho-specific antibodies, followed by flow cytometry.
T-Cell Proliferation. Purified T cells were stained with carboxyfluorescein succinimidyl ester (CFSE) then incubated for 5 d with the indicated antibodies, followed by staining for the surface markers CD4 and CD45RO.
Ki67 Expression. Purified T cells were incubated with the indicated antibodies for 72 h, then harvested and stained with the anti-Ki67 mAb.
T-Cell Activation Markers. Purified T cells were incubated with the indicated antibodies then stained and analyzed for expression of CD4, CD8, CD45RO, CD62L, CD69, and CD25.
Production of INFγ. Purified T cells were incubated with the indicated antibodies for 24 h, GolgiStop (BD Bioscience) was added during the last 6 h, followed by fixation and permeabilization staining with the anti-IFNγ mAb followed by analysis by flow cytometry.
Cytokine and Chemokine Secretion. Purified CD4 T cells were incubated with the indicated antibodies for 72 h supernatants were treated with protein G Dynabeads (Invitrogen) and kept at −80°C until analysis by Luminex Multiplex assay at the core facility at Stanford.
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